Background: Marfan syndrome (MFS) is a disorder of autosomal dominant inheritance, in which aortic root dilation is the main cause of morbidity and mortality. Fibrillin-1 (FBN-1) gene mutations are found in more than 90% of MFS cases. The aim of our study was to summarise variants in FBN-1 and establish the genotype-phenotype correlation, with particular interest in the onset of aortic events, in a broad population of patients with an initial clinical suspicion of MFS. Results: The study included 90 patients with FBN-1 variants corresponding to 58 non-interrelated families. Of the 57 FBN-1 variants found, 25 (43.9%) had previously been described, 23 of which had been identified as associated with MFS, while the the remainder are described for the first time. For 84 patients (93.3%), it was possible to give a definite diagnosis of Marfan syndrome in accordance with Ghent criteria. 44 of them had missense mutations, 6 of whom had suffered an aortic event (with either prophylactic surgery for aneurysm or dissection), whereas 20 of the 35 patients with truncating mutations had suffered an event (13.6% vs. 57.1%, p < 0.001). These events tended to occur at earlier ages in patients with truncating compared to those with missense mutations, although not significantly (41.33 ± 3.77 vs. 37.5 ± 9.62 years, p = 0.162). Conclusions: Patients with MFS and truncating variants in FBN-1 presented a higher proportion of aortic events, compared to a more benign course in patients with missense mutations. Genetic findings could, therefore, have importance not only in the diagnosis, but also in risk stratification and clinical management of patients with suspected MFS.
Background
In recent years, genetics has become the cornerstone for the screening and correct management of a good number of cardiovascular diseases [1] . Although genetics has been employed to a lesser extent in our speciality than in other areas, such as cardiomyopathy, its use in cases of hereditary or familial aortopathy has been clearly demonstrated [2] .
Marfan syndrome (MFS) is the best known example of a hereditary syndromic aortopathy [3] , and is the one most frequently encountered in daily practice, with a reported prevalence of 6.5/100,000 [4] . It is an autosomal dominant inheritance pattern disorder in which aortic root dilation, a characteristic major criterion and the main cause of morbidity and mortality, can lead to thoracic aorta aneurysm (TA) or Type A aortic dissection (TAAD). Other important signs of MFS include ectopia lentis (also a major criterion) and a series of systemic findings such as myopia, mitral valve prolapse, dural ectasia and skeletal abnormalities, all of which have degrees of involvement that may vary [5, 6] . It is known that a definitive diagnosis cannot always be reached solely based on clinical criteria, due the syndrome's variable expression, its slow progression, or to screening undertaken at an early age when phenotype has not yet had time to manifest [7] . For these reasons a good knowledge of the genetic substrate could play a determinant role in early diagnosis.
The first mutation of FBN-1 associated with MFS [8, 9] was identified in 1991; this gene codifies fibrillin-1, a structural macromolecule that polymerizes to form microfibrils and contributes to the integrity and function of connective tissues [10] . Mutations in FBN-1 are found in more than 90% of MFS cases [11] , which is why the Ghent criteria [6, 12] for MFS have added findings of a pathogenic variation in this gene to family history and the main clinical signs in order to establish a diagnosis. Moreover, it has recently been suggested that the type of FBN-1 variation could even condition the prognosis of these patients [13, 14] . Thus, a deeper knowledge of genetics and phenotypic expression could also facilitate identification of what are, from a cardiovascular perspective, more aggressive forms of the disorder.
The objective of our study was, therefore, to summarise the different FBN-1 variants and establish a genotypephenotype correlation in a broad population of patients with MFS, with particular focus on the onset of aortic events.
Methods

Study population
This single-centre prospective cohort study included all patients studied in the Hereditary Aortopathy clinic of a tertiary referral hospital who had an initially suspected MFS and presented FBN-1 gene variants between September 2010 and October 2016.
The 532 patients who were studied at the clinic came from 248 non-interrelated families. Patients either presented with aortic complaints that developed at an early age in the absence of known risk factors and/or had family history of aortic events or sudden death, or were a first degree relative of a patient who presented these characteristics.
In the first visit, a thorough physical examination was performed in search of the clinical signs generally associated with syndromic aortopathies, and a transthoracic echocardiogram was also carried out. After this first approach, if the suspicion of hereditary aortopathy (syndromic or not) remained, a blood sample was taken for genetic testing. This was done for 294 patients, in 108 cases directed by clinical suspicion of MFS. All of participants were duly informed about the benefits and risks of having the test, and signed informed consent.
Definite diagnosis of Marfan syndrome was made in accordance with modified Ghent criteria, which state that in the presence of family history, the following findings lead to a definitive diagnosis of MFS: 1) ectopia lentis, or 2) aortic root dilation (Z-score ≥ 2 above 20 years, ≥ 3 below 20 years), or 3) a systemic score ≥ 7 (Table 1 ). In the absence of a family history, a combination of the following would be necessary: 1) aortic root dilation and ectopia lentis, 2) aortic root dilation and pathogenic FBN-1 mutation, 3) aortic root dilation and systemic score ≥ 7, or 4) ectopia lentis and causal FBN-1 mutation (in this case, as the relationship between the [12] . Given the recognised variable clinical presentation of MFS depending on age, with lower expression in younger patients [7, 15] , an analysis of baseline characteristics was undertaken for the whole population, above 18 years and below 18 years.
Echocardiographic study
All patients had a transthoracic echocardiogram at each visit, using a GE Vivid T7 (General Electric Company, Connecticut, USA). These studies included M-mode, two dimensional (2D), spectral and color Doppler. In all cases, 2D measurements were taken at the level of the aortic annulus, sinuses of Valsalva, sinotubular junction and ascending aorta, in accordance with the recommendations of current guidelines [16, 17] . Mild aortic dilatation (MAD) was defined as an aortic root or ascending aorta of dimensions higher than the upper limit of the confidence interval at 95% of the distribution of a reference population (Z-score ≥ 2 [18, 19] ), but without reaching surgical parameters as defined in current clinical practice guidelines, which is, in any case, 50 mm [17] . Thoracic aorta aneurysm (TA) was defined when the dimensions were higher. The existence of mitral valve prolapse (MVP) was assessed in all patients. The grade of valve regurgitation was assessed and classified as mild, moderate or severe, following American Society of Echocardiography grading [20] .
Genetic analysis
Once the blood samples for genetic analysis had been taken, they were studied in a single reference laboratory, using a massive parallel sequencing library that included 30 genes associated with aneurysm and aortic dissection, of which FBN-1 is one. The FBN-1 variants identified were confirmed by Sanger sequencing in both directions.
The variants were classified as pathogenic if they met the criteria for causal FBN-1 mutations in accordance with modified Ghent criteria (Table 2) [12] . The variants found have been reported following the nomenclature established in the American College of Medical Genetics (ACMG) recommendations [21, 22] .
Truncating variants were considered to be those with a nonsense or frameshift effect on the protein.
Familial screening
If findings showed a pathogenic genetic variant, first degree relatives began a cascade screening process consisting of an exhaustive physical examination, a transthoracic echocardiography and genetic testing to screen for the same FBN-1 variant that had been found in the index case.
Follow-up and surgery
All patients had a clinical follow-up, at intervals that depended on the clinical presentation and extent of aortic root dilation, in keeping with the recommendations of clinical guidelines. Patients with an aortic diameter larger than recommendations in guidelines (MFS diagnosis and aortic diameter > 50 mm) were referred for aortic surgery [15, 16] . Programmed procedures for TA, without aortic dissection or tear, were classified as prophylactic surgery. In cases of an absence of aortic regurgitation (AR), or in the presence of AR secondary to annular dilation, the options selected were valve-sparing aortic root replacement techniques, either the David procedure (aortic valve reimplanted in a tubular graft and reimplanted coronary ostia) or the Yacoub technique (replacement of the aortic sinuses with or without aortic annuloplasty). In other cases (an emergency situation or significant AR), the chosen procedure was concomitant valve replacement following the classic Bono-Bentall (BB) technique. In our study, the term aortic event included TAs with dimensions within surgical parameters and type A aortic dissections (TAAD). As in previous studies, because there were no patients below 18 years in our event-suffering population, a secondary analysis of the cohort was performed, excluding patients under the age of 18.
Statistics
Qualitative variables are expressed in percentages and relationship contrasts were analysed using the chisquare (χ [2] ) test or, failing that, the Fischer test. Quantitative variables are expressed as a mean ± standard deviation; their distribution was analysed with the Kolmogorov-Smirnov test and intervals were analysed using Student's t-test for variables that followed a Table 2 Criteria for causal FBN1 mutation [11] Mutation previously shown to segregate in Marfan family Linkage of haplotype for n ≥ 6 meioses to the FBN1 locus normal distribution, and the Mann-Whitney U for those that did not. All statistical analyses were conducted using SPSS v21 (IBM Corporation, New York, USA).
Results
Clinical characteristics
Of the 532 patients attended at the Hereditary Aortopathy clinic during the study period, genetic studies were requested for clinical indication and suspected MFS for a total 108 patients. Of these, FBN-1 mutations were found in 90 patients (83.33%) corresponding to 58 noninterrelated families. Table 3 contains information about the clinical characteristics of the study population, and a breakdown by age (above or below 18 years). Worthy of note are the low age of the patients studied (31.44 ± 16.92 years) and the higher proportion of male patients (55.6%); 34.4% presented MVP of any grade and 38.9% had a history of EL, which was prevalent in 61.9% of under-18 s. A high proportion of patients are receiving medical treatment with ACE inhibitors/ARBs (48.9%) or beta blockers (58.9%), with lower percentages in children, due either to intolerance or parental refusal. Of the 30% who have undergone surgical intervention, all are adults over the age of 18 who received either prophylactic surgery for TA (18.9%) or emergency surgery for TAAD (7.9%). The reason for intervention (with or without concomitant aortic repair) was MVP with severe mitral regurgitation in 3 patients (3.3%). It is noteworthy that among the prophylactic surgery group of patients, 70.6% were able to benefit from valve sparing aortic root replacement techniques (David or Yacoub). Since 2010, the year in which the Hereditary Aortopathy clinic began, prophylactic surgery has been performed on 11 patients, in 100% of cases using valve-sparing aortic root replacement techniques. Perioperative mortality among these patients was 0%. During a mean follow-up period of 31.43 ± 25.02 months, there were no deaths or emergency procedures among the patients attending consultations at our clinic.
Genetic characteristics
In the 58 families studied, 57 variants of FBN-1 were found. One patient presented with two different FBN-1 variants -c.7754 T > C and c.8176C > T-, and three a priori non-interrelated families that came from the same geographical area presented the same variant, c.6658C > T.
Of the 57 variants in the study, 25 of them (43.9%) had already been published, 23 of which had been identified as associated with MFS, while the remaining 32 (56.1%) are reported for the first time in our study ( Table 4) .
The majority of the genetic variants, 32, were missense (56.1%). In addition, 13 nonsense (22.8%) and 8 frameshift (14.0%) variants were found, which gave a total of 21 "truncating" variants. The four remaining variants affected intronic regions, which in all cases had distances lower than 3 nucleotides to the closest exon.
Of these variants, 11 were de novo (19.3%), that is to say, absence of the same variant was confirmed in both parents. In accordance with the criteria for causal FBN-1 mutations, 46 mutations (80.7%) could be considered pathogenic.
Genotype-phenotype correlation
For 84 (93.3%) of the 90 patients with FBN-1 variants, it was possible to give a definite diagnosis of Marfan syndrome in accordance with modified Ghent criteria. The remaining 6 patients were: a 48-year-old woman with systemic characteristics and MVP but no aortopathy, whose variant (p.Met1Lle) has not been previously described and do not fulfill other criteria for causal FBN1 mutation; a 68-year-old male who only presents with TA and a variant of uncertain significance (p.Arg62His); an 8-year-old girl with EL, a systemic score < 7, a normal aortic diameter for her age and a missense variant in exon 2 of FBN-1 (p.Trp71Cys), which could therefore be classified, at least for the time being and pending possibly greater phenotypic expression during her growth, of ectopia lentis syndrome; a 34-year-old woman under study for coronary dissection, with borderline systemic criteria and aortic diameter, who presented a missense type variant in exon 44 (p.Arg1840Cys); a 8-year-old boy with EL and MVP whose variant (p.Arg2335Trp) has not been associated to aortopathy and do not fulfill other criteria for causal FBN1 mutation; and a 30-year-old male with systemic score ≥ 7 and two missense variants -one previously identified as causing MFS, p.Ile2585Thr, and the other also previously published, but with doubts to its causality, p.Arg2726Trp -, but no aortopathy, EL or proven family history.
Among patients with definite diagnosis of MFS, a direct comparison of the two types of variant most frequently found (missense vs. truncating) was performed. Patients with missense variants presented a higher prevalence of EL (56.8 vs. 8.6%, p < 0.001), while those who had truncating variants (nonsense or frameshift) more frequently presented with systemic criteria >7 (54.1 vs. 82.9%, p = 0.006) ( Table 5) . Of the 44 patients with missense variants, 6 had suffered an aortic event, whereas this figure was 20 of the 35 patients with truncating variants (13.6% vs. 57.1%, p < 0.001). Thus, the majority of the variants observed in the group with aortic events were truncating (71.4%) followed by missense (21.4%) and intronic (7.1%). On the other hand, among the population without aortic events, 67.9% had missense variants (Table 6 ). In a secondary analysis of the cohort that excluded patients below the age of 18, patients over 18 years without aortic events had a similar frequency of truncating or intronic variants (32.4%) as the patients without events of all ages (32.2%).
Events appeared at slightly earlier ages in patients with truncating variants than in those with missense, although there were no statistically significant differences (41.33 ± 3.77 vs. 37.5 ± 9.62 years, p = 0.162). The median age at time of the aortic event was 40.5, 39.5 and 33.5 years for patients with missense, truncating or intronic variants respectively. The analysis by age for each strata showed 5 patients with aortic events (3 male and 2 female) before the age of 30, of whom 4 (80%) had truncating and 1 (20%) intronic variants. Before the age of 40, 13 patients (8 male, 5 female) had presented an aortic event, in 2 cases with a missense type variant (15.4%), 10 with a truncating variant (76.9%) and 1 with an intronic variant (7.7%). The 2 patients with an aortic event before the age of 40 and a variant that was neither truncating nor intronic were: 1) A male, who underwent surgery at age 38 for TA, with systemic criteria ≥7 and variant p.Gly343Arg in the TGFBP domain of FBN-1, described in previous studies but catalogued by them as "of uncertain significance" [23] , who also has a 41 year old brother with TA (aortic diameter of 51 mm) and identification of the same variant; and 2) a female, also operated at 38 years for TA, with systemic criteria and EL, with variant p.Cys1097Tyr in the cb-EGF-like domain of exon 26 of FBN-1 (Additional file 1: Table S1 ).
In the same way, variant type and the age of event were also compared for patients with prophylactic aortic surgery vs. dissection (Table 6 ). Patients with dissection (n = 8) less frequently, but not significantly, had missense type variants in comparison with patients undergoing prophylactic aortic surgery (n = 20), (12.5 vs. 25%; p = 0.466). Among the patients with truncating mutation and aortic event, the median age for TAAD was 43 years (n = 7), and for TA was 36 years (n = 13).
Discussion
To our knowledge, this study represents the largest series of patients with MFS and mutations in FBN-1 in the Mediterranean population to date. On the other hand, it contributes valuable knowledge about the phenotypic expression of new, not previously described variants.
In this study, we describe the clinical characteristics of 90 patients with FBN-1 variants and suspected MFS. As in classic studies of MFS, the clinical heterogeneity of our patients is worthy of note: we found cases ranging from mild forms with aortic diameters that were normal or only slightly larger than normal, to forms with a higher phenotypical expression with or without aortic events [24, 25] .
In our study, 38.9% had a history of EL and 34.4% of MVP, frequencies that are slightly lower than those published in other large series of MFS patients [26, 27] .
In our sample, 30% underwent surgical intervention, either prophylactic for TA (18.9%) or emergency for TAAD (7.9%). Recently, in their prospective study that included 146 MFS patients, David et al. showed that valve-sparing aortic root replacement techniques in Marfan syndrome patients are associated with low rates of valve-related complications in long-term follow-up [28] . In our experience, over half of all of the operated patients benefitted from these techniques; this figure rises to 100% when considering only the patients attended since the Hereditary Aortopathy clinic was opened in 2010. In our opinion, close collaboration with a Cardiac Surgery service that has special training in these techniques may be a key factor to achieving these figures.
The FBN-1 gene (>200 kb), composed of 65 exons, is found on the long arm of chromosome 15 (15q15-q21.1) and codifies 2871 amino acids. It has a modular structure that includes 47 six-cysteine EGF-like domains, 7 eight-cysteine TGF-binding proteins, and a proline-rich region [29] . Almost 3000 variants related with MFS have been described, according to the most extensive FBN-1 mutation database [30] , although it is likely that this number is currently higher as the database has not recorded many of the variants identified worldwide [12] . Our study provides clinical information about patients with 25 of these previously published variants, and adds another 32 to scientific knowledge, with a detailed phenotype description and, in many cases, more than one individual affected by the variant.
Most of the variants found in our study were missense type (56.1%), followed by truncating (36.8%) and intronic [13] . Although there are numerous previously published studies on FBN-1 genotyping, establishing broad, solid conclusions about the phenotype-genotype connection has classically proved difficult. Among the few reproducible phenotypic findings dependent on genotype is EL, which has been associated with missense type mutations (particularly those that affect cysteine residues), and the feared "neonatal" MFS, related with mutations in the central region of the gene (exons [24] [25] [26] [27] [28] [29] [30] [31] [32] [31, 32] . On the other hand, it was previously suspected that patients with truncating mutations could have a slower or milder progression of the disorder [33] , and Baudhuin et al. were the first to link this type of variant with a higher percentage of aortic events and a lower presentation age [13] . Our data supports this observation, with 71.4% of aortic events occurring in patients with truncating variants and a median age for TAAD of 43 years (versus 21.4% of aortic events among patients with missense variants and a median age of 48 years for TAAD). Franken et al. recently confirmed this worse prognosis in a prospective study of 570 MFS patients in which those with haploinsufficiency of FBN-1 presented a 2.4 times higher risk for the combined endpoint of cardiovascular death and dissection [14] . Furthermore, it has even been suggested that the patients with this genetic defect in FBN-1 seem to respond better to treatment with Losartan, with lower aortic root growth rates [34] .
Therefore, the finding of one or other type of variant has prognostic implications and should guide clinical management. Some individuals could also benefit from closer follow-up, recommendations for an appropriate lifestyle, and a more vigorous medical treatment that helps reduce the progression of this disorder towards potentially fatal aortic events. Genetic testing was also of great help in identification of under-18 s with systemic findings suggestive of MFS (particularly those who do not fully meet the criteria) who did not have vascular findings at the time of the initial screening and could therefore benefit from an annual reassessment based on an echocardiogram to detect a potentially swift onset of aortic complications.
In our opinion, the existence of hereditary aortopathy units is of the utmost importance. Such units consist of cardiologists, cardiac surgeons, ophthalmologists, orthopaedic specialists and geneticists who facilitate the correct management of patients who suffer the complex pathology of a disorder such as MFS and other patients affected by fibrillin-related disorders who do not strictly meet MFS criteria. Such teams can adapt to the specific clinical and genetic characteristics of each patient, and can also make sense of the enormous amount of information obtained from genetic studies [35] .
Conclusions
Our Hereditary Aortopathy clinic was able to identify 90 patients with suspected MFS and FBN-1 variants, more than half of which had not previously been described. Although phenotype varied widely, patients with confirmed MFS and truncating variants presented a higher proportion of aortic events. Genetic findings could, therefore, have importance in risk stratification and in the clinical management of suspected MFS patients.
Additional file
Additional file 1: 
